Spin-lattice relaxation time (T 1 ), isotropic Knight shift (K iso ) and quadrupole coupling constant (C Q ) have been measured in technetium metal by pulsed 99 Tc NMR in a magnetic field of 7.04 T in the temperature range 120-400 K. It was found that (T 1 × T )
Introduction
Technetium metal crystallizes to form a hexagonal close-packed (hcp) lattice, space group P6 3 /mmm, Z = 2, a = 2.7407 Å, c = 4.398 Å [1] . Among numerous metals with hcp structure, technetium has the highest superconducting transition temperature (T c = 7.8 K). Technetium is characterized by high catalytic activity and corrosion stability [2] . These practically important properties are responsible for the interest in studying such parameters of the electronic state of technetium metal as the Fermi energy E F and the density of electron states at the Fermi level N(E F ). For the two most probable electronic configurations of Tc, (4d 6 5s 1 ) and (4d  5 5s 2 ), the calculated E F and N(E F ) are, respectively, 0.67956 Ry, 12.25 states/Ry atom and 0.62998 Ry, 11.87 [3] . Calculations in terms of the cluster model attributed the weak paramagnetic properties of technetium to the presence of unpaired electrons at the highest occupied level and related the superconducting transition temperature to the density of states at the Fermi level by T c ∼ N 2 (E F ) [4] . NMR parameters, such as the Knight shift (K) and its anisotropy (K an ), spin-lattice relaxation time (T 1 ), and the quadrupole coupling constant (QCC), are experimental parameters characterizing the electronic state of a metal with non-cubic lattice. The first study of technetium metal by 99 Tc NMR was carried out by Jones and Milford [5] . They determined the isotropic Knight shift K iso = 7150 ppm, anisotropy of this shift K an = 1150 ppm, linewidth of the central component H pp = 13 Gs and C Q = 5.716 MHz at zero asymmetry parameter of the electric field gradient (EFG) tensor by analysing the lineshape for a Tc powder as a function of resonance frequency (3.2-10.2 MHz). Van Ostenburg et al reported C Q = 5.05 MHz, K iso = 6100 ppm and a very small anisotropy K an [6, 7] . The spin-lattice relaxation times in technetium metal have been measured at 8 MHz and characterized by the parameter R = (T 1 T ) − at 4.2 K [8] . The obtained R values were entirely attributed to the spin-orbit interaction, in disagreement with the relevant data for other d-metals [9] . In [5] [6] [7] [8] , measurements were done in rather weak magnetic fields (B 0 < 1.4 T) on a wide-line spectrometer with field sweep, which made difficult sufficiently accurate measurement of NMR parameters. Furthermore, nothing was said about the temperature behaviour of the Knight shift and the quadrupole coupling constant. In the present communication we report:
(a) results obtained in studying a polycrystalline sample of technetium metal by 99 Tc NMR spectroscopy in a strong field (7.04 T) in the temperature range 120-400 K; (b) calculated contributions to the magnetic susceptibility, Knight shift and spin-lattice relaxation rate for 99 Tc; (c) calculated lattice and electronic contributions to the electric field gradient in technetium metal.
Experimental procedure
A sample of technetium metal for NMR measurements was prepared by reduction of tetramethylammonium pertechnetate (CH 3 ) 4 NTcO 4 (99,99% purity) in a gas mixture (94% H 2 + 6% Ar) at 1150 K. The sample was cooled to room temperature, crushed in an agate mortar and then a fraction with 80-150-µm dispersity was separated and placed in a 30-mm-long Teflon ampoule with outer diameter of 10 mm. According to mass-spectrometric data, the total concentration of the basic impurities Ni, Fe, Al did not exceed 3 × 10 −3 %. The weight of the technetium metal sample was 1.16 g. To prevent intergranular contacts, the powder was embedded in an Apiezon/dodecane suspension (1:20) (with drying at room temperature). 99 Tc NMR measurements were done on a Bruker MSL-300 spectrometer in a magnetic field of 7.04 T at a frequency of 67.55 MHz in the temperature range 120-400 K. The sample temperature was controlled using a B-VT-1000 unit. To record spectra in a 2.5-MHz spectral window, the spin system was excited by short 0.6 µs pulses with repetition time of 0.5 s and reciever dead time of 5 µs. A total of 50 000 free-induction decays were accumulated. The obtained free-induction signal was multiplied by a smoothing function with subsequent Fourier transformation. Some spectra were recorded using two-pulse spin-echo sequence {θ x − τ − θ y − ACQ} with selection pulse width (θ = 3.22 s) calculated from the expression θ = θ(90)/I + 1, where I = 9/2, and θ(90) = 16.1 µs is a 90
• -pulse measured for the peak 99 Tc NMR signal in an aqueous solution of KTcO 4 (0.1M). The position of the signal in this solution was taken as reference point for calculating 99 Tc NMR shifts in technetium metal. Spin-lattice relaxation times were measured for the signal of the central component (1/2 ⇔ 1/2 transition) at a scan width precluding observation of satellites, using the standard saturation-recovery technique {θ x − τ − θ y } n − τ − θ y , with θ = 3.22 µs, τ 1 = 10 µs and n = 80, optimized for the minimum signal. The time delay was varied between 50 µs and 10 ms, and the number of delays, between 14 and 17.
Experimental results
The 99 Tc NMR line (spin I = 9/2) for a polycrystalline sample of technetium metal at 297 K ( figure 1(a) ) comprises 2I = 9 lines, including the central line and four symmetrically located pairs of satellites due to first-order quadrupole interactions. These eight satellites correspond to the transitions (±9/2 ⇔ ±7/2), (±7/2 ⇔ ±5/2), (±5/2 ⇔ ±3/2), (±3/2 ⇔ ±1/2). With allowance made for line broadening resulting from powder averaging, the intensity of satellites in the experimental spectrum agrees with the theoretical ratio of integrated intensities for the 9/2 spin: 9:16:21:24:25:24:21:16:9 [10] . The theoretical spectrum for I = 9/2 is shown in figure 1(b) in the form of a histogram. The observed lineshape of the satellites corresponds to a zero asymmetry parameter of the EFG tensor, η = 0. The splitting in kilohertz measured between the closest-spaced pair of satellites, is the lowest frequency of the quadrupole transition ν Q = 2391 kHz, which corresponds to the quadrupole coupling constant for I = 9/2
In the whole investigated temperature range, the lineshape of the satellites and the ν Q values remain unchanged. The temperature dependence of the quadrupole transition frequency is shown in figure 2 (a). The central component is symmetric with a full width at half-maximum ν 1/2 = 27.5 ± 1.0 kHz at 297 K and the distance measured between the peaks of the absorption derivative ν pp = 15.8 ± 0.5 kHz. The ratio ν 1/2 / ν pp = 1.74 corresponds to a Lorentzian lineshape [11] . A simulation of the central component by the LineSim program 1 also gives a Lorentzian contour with ν pp = 15.5 kHz. The temperature dependence of ν 1/2 is weak (figure 2(b)), being described by an empirical linear relation ν 1/2 = 28.2−0.01T (kHz) in the range 120-400 K.
The basic reasons for line broadening in metals are as follows [9] :
(a) static direct dipole-dipole interaction of nuclear spins, (b) scalar and pseudo-dipole interactions, (c) electric quadrupole interaction (for metals with non-cubic lattice), (d) anisotropy of the Knight shift, manifesting itself in inhomogeneous line broadening.
Since technetium-99 is a 100% artificial isotope, the scalar interaction between identical spins does not contribute to the linewidth, and the contribution from the pseudo-dipole interaction is rather small. The contribution from the second-order quadrupole interaction to the broadening of the central component can be calculated exactly. Since the ratio of the lowest quadrupole frequency ν Q to the Larmor frequency ν L is ν Q /ν L = 230 × 10 3 /67.55 × 10 6 = 0.003 1, the splitting of the central component ν (2) Q through second-order quadrupole interactions is ν (2) where r jk is the distance between j -th and k-th technetium nuclei in the lattice. For the ideal hcp lattice the ratio between the height c of the unit cell and its base edge a is c/a = √ 8/3 = 1.639. Only at this ratio all the nearest 12 atoms are at the same distance from a chosen technetium atom. For a actual hcp lattice of technetium, c/a = 1.6047. Therefore, the nearest 12 atoms are divided into 6 atoms in a horizontal sheet at a distance r 1 = a = 2.7407 Å and 3 + 3 atoms below and above this sheet at r 2 = a 2 /3 + c 2 /4 = 2.709 Å. Then, the lattice sum k r −6 kj within a single unit cell radius is 29.2 × 10 45 cm −6 , and the second moment
The Lorentz linewidth at this second moment value is estimated to be ν 2 ∼ (π ν 2 /2) = 5.8 kHz, which is ∼5 times less than the experimental value. Thus, it only remains to accept that the observed linewidth is determined by the Knight shift anisotropy (K ⊥ −K ) = −400 ppm. The sign of this anisotropy was determined by comparing the positions of the central line K and the K iso value calculated from the position of the satellite centre K iso − K = 20 ppm. At a ratio between the Lorentzian linewidth ν 1/2 and the shift anisotropy equal to 0.2-0.3, the resulting line is broadened and its envelope becomes practically symmetric with a downfield-shifted peak [11] .
The temperature dependence of the Knight shift K, measured as the position of the central component, can be described by the following linear relation: K = 7305 − 1.52T . K changes with temperature change by ∼8% ( figure 3(a) ).
The spin-lattice relaxation time T 1 ( 99 Tc) was measured for the central spectral component by the saturation-recovery technique. The dependence of the peak amplitude (and the integrated intensity) of an NMR signal on the delay time τ is described by a one-exponent function. With account taken of the measurement errors (11%), the experimental data on T should be taken of both electron-electron interactions and contributions to the Knight shift and the spin-lattice relaxation rate not only from the s-contact interaction but also from other possible hyperfine interactions due to d-electrons. The relative contributions depend on the electronic structure of a metal. Let us consider how the above interactions affect the spin-lattice relaxation rate and the Knight shift in technetium metal.
Discussion

Spin-lattice relaxation
A theory of spin-lattice relaxation in transition metals, accounting for electron-electron interactions, has been developed by Yaffet and Jaccarino [12] for the cubic lattice and by Narath [13] for the hcp structure in terms of additive contributions:
For 99 Tc spins we can write the expressions
units as follows:
where γ n ( 99 Tc)/2π = 958. table 1 ). The dipole contribution determined from formula (5) is R dip = 0.02−0.04 (s K) −1 and can be neglected. As it can be seen from table 1, the total calculated contribution is in good agreement with the experimental value. Comparison of the calculated contributions indicates that technetium has the greatest relaxation contribution associated with the contact interaction, similarly to molybdenum, but unlike vanadium, niobium [12] and palladium [9] . a The ratios between hyperfine fields in metal and atom are [9, 12] :
c Obtained from analysis of the hyperfine structures of ESR spectra of Tc +4 in a KPtCl 6 singlecrystal at 4.2 K, K hf = 148 G [15] .
Knight shift and magnetic susceptibility
Similarly to the case of spin-lattice relaxation, three types of interactions give rise to the Knight shift, with only K cp taken to be temperature dependent [16] :
For any kind of interaction, the Knight shift is related to the respective hyperfine field H hf and magnetic susceptibility :
where µ B is the Bohr magneton and A is Avogadro's number. The expressions for separate contributions to the Knight shift are as follows:
χ s and χ d are calculated using the densities of states N s and
. Then, the resulting shifts take the following values K s = 3462 ppm, K cp = −2631 ppm. Since the orbital susceptibility χ vv is unknown, we determined the orbital contribution K orb from the differences between the experimental K and calculated contributions K s and K cp : K orb = K − K s − K cp = 6031 ppm. Using this orbital contribution and the hyperfine orbital field H orb , we obtained the orbital susceptibility χ vv = 120×10 −6 emu mol −1 . The total susceptibility due to electron conduction χ calc = 2/3χ s + χ d + χ vv = 195.2 × 10 −6 emu mol −1 . With account of the assumptions made, this value is in rather good agreement with the experimental value of 270 × 10 −6 emu/atom [17] . It should be noted that the measured values χ are somewhat temperature dependent, varying from 250 × 10 −6 emu/atom at 402 K to 270×10 −6 emu/atom at 298 K and 290×10 −6 emu/atom at 78 K [17] , which is about 14% of the total susceptibility. The temperature variation of the Knight shift in the temperature range 120-400 K is ∼400 ppm, which also equals ∼14% of the temperature dependent contribution K cp (T ) = −2631 ppm. For the known thermal expansion coefficients of technetium metal, α a = 7.04 × 10 −6 K −1 and α c = 7.06 × 10 −6 K −1 [1] , the change in the unit cell volume in the range 100-400 K does not exceed 0.6%, which presumably rules out any contribution of the volume effects to the observed temperature dependences χ(T ) and K(T ). Now, knowing the Knight shift and relaxation rate for each type of hyperfine interactions, we can calculate using the Korringa relation:
The first value is in good agreement with the theoretical Korringa constant, and the second, with the experimental value. Since K cp (T ) and χ(T ) exhibit a noticeable temperature dependence, this result can be attributed, according to [9] , to electron-electron interactions. For the orbital contribution, the Korringa relation is not obeyed, since the shift is determined by all d-electrons, and the relaxation, only by d-electrons located at the Fermi level.
Electric field gradient
The electric field gradient (EFG) q is related to the quadrupole coupling constant C Q by
where Q is the quadrupole nucleus momentum. For Q( 99 Tc) = 0.3 b and C Q = 5.74 MHz, the EFG magnitude at a Tc site is q exp ( 99 Tc) = 55.0 × 10 22 cm −3 . For metals with non-cubic lattice, q at nuclear sites is commonly represented as a sum of the lattice contribution q lat , multiplied by the Sternheimer factor (1 − γ ∞ ), and the electronic contribution q el due to conduction electrons of types other than the s-type:
We estimated the lattice contribution to the EFG of 99 Tc within the framework of de Wette's theory for an hcp lattice [18] at c/a = 1.604 and a = 2.7407 Å:
where Z is the effective nuclear charge. Assuming Z equal to the number of valence electrons, Z(Tc) = 7, we get an estimate of the lattice contribution to the technetium EFG:
(1 − γ ∞ )q lat = +27.0 × 10 22 cm −3 for γ ∞ (Tc) = −5 [19] . To be sure, the effective charge Z(Tc) is lower than the formal value 7 because of the localized character of 4d-electrons, and the obtained lattice contribution is obviously overestimated. Therefore, it is helpful to compare the lattice and electronic contributions to EFG for other metals with the hcp lattice. These data are listed in table 2. According to de Wette's theory [18] , the lattice contribution a 3 Z −1 q lat is determined by the parameter a of the hcp lattice and the c/a ratio. At around c/a = 1.6345, the lattice contribution changes its sign to become negative at greater c/a, as, e.g., in zinc. For the other metals listed in table 2, this contribution is positive. The Z −1 q lat calculated for the known hcp lattice parameters of the metals considered are given in the fifth column. In calculating the lattice contribution (1 − γ ∞ )q lat , we assumed the effective charge Z to be equal to the number of valence electrons in the corresponding element: 3 for Sc and La, 4 for Ti, 7 for Tc, Re, 8 for Ru and 2 for Zn. The Sternheimer antishielding factor (1 − γ ∞ ) was taken to be 8 for scandium and titanium [13] , 69 for lanthanum [21] , 28.3 for rhenium and 13.7 for zinc [26] . Assuming that the lattice and electron contributions have different signs, as is the case for beryllium [26] and lanthanum [20] , we calculated the electronic contribution to EFG (on the condition that |q el | > |q lat |). The obtained q el values are given in the last column of table 2. Because of the uncertainty in Z, quadrupole moments Q and antishielding factors (1 − γ ∞ ), these values are only estimates. It should be noted that the lattice contribution does not exceed 50% of the electronic contribution in all the transition metals, but predominates in zinc. It is commonly believed that the temperature dependence of EFG in pure metals obeys the equation [26] : q(T ) = q(0)[1 − βT 3/2 ], β > 0. Theoretical substantiation of this equation is related to temperature-induced changes in root-mean-square displacements of atoms or in the phonon spectrum of the lattice. However, as follows from the experiment ( figure 2(a) ), the EFG in technetium metal is temperature independent in the temperature range studied to within the experimental error. The reasons for such behaviour are unclear. One of the possible explanations of why the EFG is temperature independent is based on an assumption that the absolute values of both q el and q lat contributions undergo identical changes with temperature, but, because of the opposite signs of the lattice and electronic contributions, these changes cancel out, with the total EFG remaining constant. This assumption needs theoretical substantiation.
Conclusion
Experimental data on the temperature dependences of the Knight shift, spin-lattice relaxation rate and quadrupole coupling constant in technetium metal are presented. These parameters and the magnetic susceptibility are consistently interpreted in terms of the hyperfine contact, polarization and orbital interactions. The major contribution to the Knight shift comes from the orbital interaction. The temperature dependence of the Knight shift is determined by the polarization contribution whose value reflects the electron-electron Coulomb interaction. The contact interaction is the most efficient channel determining the relaxation rate. The quadrupole coupling constant remains temperature independent over the whole temperature range studied. The estimated lattice contribution to EFG is 30%, which is common to transition metals. We believe that the obtained experimental data and the calculated contributions for a bulk sample will be helpful in making a comparison with the relevant NMR parameters for nanosize particles of technetium metal.
